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We present neutron scattering data on two single crystals of the high temperature superconduc- 
tor La2-a;(Ca, Sr)iCaCu206+5. The Cao.i-doped crystal exhibits a long-range antiferromagnetically 
ordered ground state. In contrast, the Sro.is-doped crystal exhibits short-range antiferromagnetic 
order as well as weak superconductivity. In both crystals antiferromagnetic correlations are com- 
mensurate; however, some results on the Cao.i-doped crystal resemble those on the spin-glass phase 
of La2-iSriCu04, where magnetic correlations became incommensurate. In addition, both crystals 
show a structural transition from tetragonal to orthorhombic symmetry. Quite remarkably, the 
temperature dependence and correlation length of the magnetic order is very similar to that of the 
orthorhombic distortion. We attribute this behavior to an orthorhombic strain-induced inter-bilayer 
magnetic coupling, which triggers the antiferromagnetic order. The large size of the crystals made it 
also possible to study the magnetic diffuse scattering along rods perpendicular to the Cu02 planes 
in more detail. For comparison we show X-ray diffraction and magnetization data. In particular, for 
the Cao.i-doped crystal these measurements reveal valuable information on the spin-glass transition 
as well as a second anomaly associated with the Neel transition. 

PACS numbers: 74.72.Dn, 74.25. Ha, 61.12.-q 



I. INTRODUCTION 

The system La2CaCu206+i is a very interesting mem- 
ber of the family of high temperature superconductors. 
Similar to YBa2Cu306+5 it has Cu02 bilayers. However, 
it has no CuO chain-layersiTo introduce hole-like charge 
carriers into the Cu02 planes it can be doped with Sr and 
Ca, although specimens generally have to be annealed 
under high oxygen pressure to become bulk supercon- 
ductorsiSiM The maximum Tc of ~60 K is relatively low 
compared to other bilayer systems^ High pressure oxy- 
gen annealing was shown to introduce interstitial oxygen, 
which leads to an increase of the hole concentrationi^ 
Furthermore, it increases the miscibility range for Sr and 
Ca dopingj^ The detailed role of the oxygen interstitials, 
in particular with respect to superconductivity, is still 
unclear. 

So far, most studies were performed on polycrys- 
talline specimens, which are much easier to homoge- 
nously charge with oxygen than are the large sin- 
gle crystals needed for neutron scattering. However, 
the study of undcrdoped crystals grown at low oxy- 
gen pressure is as important as the study of bulk su- 
perconductors, since high temperature superconductiv- 
ity at high hole doping seems to be intimately con- 
nected with the antiferromagnetic correlations at low 
hole dopingii In particular, there is growing evidence 
that incommensurate antiferromagnetic correlations of 
the Cu spins are associated with the so-called charge 
and spin stripes, which may play a vital role for su- 



perconductivityj^i^i^°i^^i^^i^^i^'^i^^i^^i^'' In a recent neu- 
tron diffraction experiment on a non-superconducting 
Lai.8oSro.2oCaCu206+5 single crystal grown at 1 atm 
oxygen pressure a commensurate short-range antiferro- 
magnetic order was observed^ This finding is in sharp 
contrast to the incommensurate spin stripes found in 
La2_2;Sr3;Cu04 with comparable hole concentrationii2iSli 
The present study is aimed at a better understanding of 
the different behavior in La2-a;(Sr, Ca)3;CaCu206+5. 

Structurally, La2_2;(Sr, Ca)a;CaCu206+5 is known as 
the most simple bilayer systemic Its unit cell, displayed 
in Fig. n can be derived from that of the single layer 
sister compound La2_2;Sr2:Cu04 by replacing the CuOg 
octahedral network by two CuO.g pyramidal planes, sep- 
arated by a cation monolayer. In a stoichiometric com- 
pound ((5 = 0) the interstitial oxygen site 0(3) is not oc- 
cupied^ The structure of the rocksalt layers separating 
adjacent bilayers is identical to those in La2-a:Sr2;Cu04. 
In the undoped case (x = 0), one would ideally expect 
that the lattice site M(l) in the center of a bilayer is 
occupied by Ca, and the lattice site M(2) in the rock 
salt layers by La [Fig. Q]. However, it turns out that 
about 10% of the M(l) sites are occupied by La, while a 
corresponding number of alkaline earths go on the M(2) 
gj|-g|6ji8j22j23 xhis ratio will of course change slightly upon 
doping Sr or Ca for La. Interstitial oxygen introduced 
by high pressure oxygen annealing goes on the 0(3) site, 
and effectively bridges two CuOs pyramids in a bilayer 
to two CuOe octahedra, coupled via their apical oxy- 
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FIG. 1: Unit cell of La2-i(Sr, Ca)j;CaCu206+i in the tetrag 
onal high temperature phase. 
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FIG. 2: Reciprocal space for the {h, h, I) and {h, k, 2k) zones 
with typical scans indicated by arrows. X-ray diffraction ex- 
periments (XRD) where mainly performed at (|,|,2) and 
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In this work we present neutron scattering results 
on two large single crystals with the compositions 
Lai.9Cai.iCu206+5 and Lai.85Sro.i5CaCu206+5. Opti- 
cal conductivity measurements by Wang et aliSl have 
shown that both compounds contain a significant hole 
concentration p per Cu02 plane, roughly consistent 
with the nominal values p ~ x/2. [Note that for 
La2_a;Sra;Cu04 p = X.] From neutron diffraction (ND) 
we find that the Ca-doped crystal exhibits a long-range 
antiferromagnetic order. In contrast, the Sr-doped crys- 
tal exhibits a short-range antiferromagnetic order as well 
as weak superconductivity, with T°'^^^'^ ~ 25 K and a 
superconducting volume fraction of the order of one per- 
cent. In both crystals antiferromagnetism is commen- 
surate, which is not surprising for the long-range order, 
but somewhat unexpected in the case of the Sr-doped 
crystal. In addition, both crystals show a structural 
transition from a high-temperature-tetragonal phase to 
a low-temperature-orthorhombic phase, first identified 
in Ref. [3 The temperature dependence of the mag- 
netic order and the orthorhombic lattice distortion show 
a remarkable similarity, which we discuss in terms of a 
distortion induced magnetic inter-bilayer coupling. It 
is possible that this magneto-elastic coupling influences 
the electronic ground state and maybe even determines 
whether it is magnetic or superconducting. The large 
size of the crystals made it possible to study the elastic 
and inelastic response from two dimensional (2D) diffuse 
scattering, which shows up in rods along Q^. Further- 
more, we have performed a number of X-ray diffraction 
(XRD) measurements, which reveal additional informa- 
tion about the temperature dependence of the line width 
of the orthorhombic superlattice peak in both crystals 
(Sec. lIIIB|l . Measurements of the static magnetic suscep- 
tibility reveal information about the spin-glass transition, 
and show a second anomaly associated with the antifer- 



romagnetic order in the Ca-doped crystal (Sec. lIIIC)) . 



II. EXPERIMENTAL 

The two centimeter-size single crystals with 6-7 mm 
and length of ~10 cm were grown at Brookhaven and Mc- 
Master University by the travelling-solvent floating-zone 
method. The Lai.gCai.iCu206-i-5 crystal was grown in 
an atmosphere of flowing oxygen gas at a pressure of 
p(C)2) ~ 1 atm. The Lai.85Sro.i5CaCu206+5 crystal was 
grown at p{02) = 11 atm, to increase the concentra- 
tion of oxygen interstitials. At the given pressures, both 
compositions are within the range for single-phase solid 
solutions of this materialii^f Our attempts to grow crys- 
tals with X > 0.2 and p{02) — II atm inevitably yielded 
samples containing a second phase. 

In the case of Lai.9Cai.iCu206-i-5, neutron scattering 
experiments were performed on two large pieces with 
weights of 3.9 g and 5.3 g. For Lai.85Sro.i5CaCu206+5 
the studied piece had a weight of 5.1 g. As mentioned ear- 
lier, this crystal shows weak superconductivity, although 
it has a lower Sr content than the crystal studied in 
Ref. ITsL which was grown at p(02) = 1 atm and insu- 
lating at low temperatures. We associate this different 
behavior with the higher oxygen pressure used in our 
crystal growth procedure. 

The neutron scattering experiments were carried out 
on the triple-axis spectrometer BT9 at the NIST Center 
for Neutron Research, at neutron energies of 14.7 meV 
and 30.5 meV. Pyrolytic graphite (PC) (002) reflections 
were used for both the monochromator and the analyzer. 
To eliminate higher-order contamination, an additional 
PC filter was put into the beam after the analyzer. The 
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crystals were mounted in a He filled Al can. X-ray diffrac- 
tion experiments were performed in reflection at beam- 
line X22C of the National Synchrotron Light Source at 
Brookhaven at a photon energy of 8.9 keV. The magneti- 
zation of small pieces of the crystals was measured with 
a SQUID (superconducting quantum interference device) 
magnetometer . 



III. RESULTS AND DISCUSSION 

Figure |2Ia) shows the reciprocal space for the {h, h, I) 
zone of La2CaCu206+5 in the notation of the tetrago- 
nal unit cell of Fig. with space group lA/mmm. At 
room temperature both crystals are tetragonal and only 
fundamental Bragg peaks (•) are observed. At low tem- 
peratures additional peaks appear, indicating the transi- 
tion into the orthorhombic phasei^ (o) as well as static 
antiferromagnetic order (a). Note that magnetic Bragg 
peaks are allowed for I = n [n ^ Q) but for / even they 
are dominated by the nuclear superlattice peaksiSS*^ 
In the orthorhombic phase, with space group Bmah, 
no splitting of the in-plane lattice constants was ob- 
served within the resolution of the neutron and X-ray 
experiments, although X-ray data show a clear broad- 
ening of corresponding fundamental Bragg peaks for in- 
plane momentum transfers. This suggests that the or- 
thorhombic strain is weak, i.e., much weaker than in 
La2-rrSra;Cu04i^S'2i Therefore, throughout this paper re- 
flections will be indexed using the notation for the tetrag- 
onal unit cell and scattering vectors Q = (/i, fc, I) will be 
specified in units of (27r/a, 27r/a, 27r/c). The thick grey 
lines in Fig. El^a) symbolize scattering rods along the c- 
axis from 2D scattering. The arrows mark the positions 
where most of the scans were performed. To test whether 
the magnetic Bragg peaks are incommensurate, the crys- 
tal was mounted in the {h,k,2k) zone where all scans 
were performed on the (i, |,3) peak [see Fig.|2Ib)]. For 
the lattice parameters at ~10 K, as determined by neu- 
tron diffraction, we find a = 3.82(1) A and c = 19.41(5) A 
for Lai.85Sro.i5CaCu206+i, as well as a = 3.83(1) A and 
c = 19.36(5) A for Lai.gCai.iCu206+5- 



A. Neutron Scattering 

1. Magnetic Bragg and orthorhombic superlattice peaks 

In Fig. Ofa) we show long Z-scans along Q ~ {^,^,1) 
and (|, ^l) for Lai.gCai.iCu206+5 at low temperatures 
[cf. Fig.[2ja)] . One can clearly see the increase of the pre- 
dominantly nuclear superlattice peaks for I ~ 2n (n 0) 
as well as the decrease of the purely magnetic Bragg 
peaks for / odd with increasing |Q|. As mentioned ear- 
lier there is also a small magnetic contribution for I even. 
Weak intensity observed at / = is believed to arise 
from higher harmonics or multiple scattering. Note that 
in contrast to La2Cu04 no magnetic peak is expected at 
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FIG. 3: Elastic scans along Q = (i,i,Z) and (|,|,Z) for 
Lai.9Cai.iCu206+5 (top) and Lai.85Sro.i5CaCu206+i (bot- 
tom). M indicates magnetic Bragg reflections and S predom- 
inantly nuclear superlattice reflections. 



I = 0, since the magnetic structure factor is zero (see 
Sec. \niA2\i ^^ The peak width in Fig. EJa) is resolu- 
tion limited. From /i-scans through the magnetic (^, ^, 1) 
peak with a coUimation of lO'-lO'-lO'-lO' (not shown) we 
have extracted a minimum in-plane correlation length of 
^ ~ 270 A, suggesting that Lai.9Cai.iCu206+5 exhibits 
a long-range antiferromagnetic order^ In the case of 
Lai.85Sro.i5CaCu206-i-(5 in Fig. Olb) the peak intensities 
are about one order of magnitude smaller and the peak 
widths much larger, indicating a short-range order. For 
the structural distortion we find that in-plane and out- 
of-plane correlation lengths are about the same and of 
the order of ^ ~ 27 A. Interestingly, the in-plane correla- 
tion length of the magnetic order is nearly identical with 
this, as will be shown below in more detail. However, the 
magnetic peaks are too weak to extract a reliable value 
for the correlation length along c. 

Fig. ^ shows the intensity of representative magnetic 
and structural superlattice peaks, after subtraction of 
the background, as a function of temperature. First we 
will focus on Lai.9Cai.iCu206+i , which we have stud- 
ied twice. In the first experiment (#1), the intensity of 
the magnetic (i, i, 3) peak in Fig.^Ja) indicates Ncel or- 
dering above room temperature. However, the relatively 
slow increase of the intensity below T/v suggests that the 
phase transition is quite inhomogeneous. In addition, two 
further transitions are observed: one at ~175 K, where 
the intensity starts to increase faster, and a second at 
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FIG. 4: Intensity of the magnetic Bragg peaks ^,3) and 
(^,|,3), and the orthorhombic superlattice peaks (i,i,4), 
(i,i,2), and (|,|,4), of Lai.9Cai.iCu206+a (a, b) and 
Lai.g5Sro.i5CaCu206+5 (c, d) as a function of temperature. 
#1 and #2 denote data from different experiments (see text). 
In (a) and (b) errors are within point size. Inset: Full width 
at half maximum of magnetic Bragg and orthorhombic super- 
lattice peaks in Lai.85Sro.i5CaCu206+i as a function of tem- 
perature. Spectrometer resolution indicated by dotted line. 



20 K, where the intensity decreases. In a second exper- 
iment (#2) performed three months later on the same 
crystal as well as on a second crystal, T/v had decreased 
to ~175 K, though also in this case a very weak peak 
could be traced up to 300 K. Moreover, the drop in inten- 
sity below 20 K appeared to be weaker by a factor of 2-3. 
We note that we have checked this for the same crystal, 
peak and spectrometer configuration as in experiment 
#1. However, a full temperature scan was performed 
only on the (i, |, 3) peak after mounting this crystal in 
the {h,k,2k) zone [Fig. ^a)]. Surprisingly, in this case 
the drop below 20 K is not observed at all. We explain 
this as follows: with the crystal mounted in the (h, k, 2k) 
zone the 2D scattering rods are almost perpendicular to 
the horizontal scattering plane. Because of the relaxed 
collimation in the vertical direction, scans through the 
magnetic Bragg peak will also integrate some intensity 
from 2D scattering. As the diffuse intensity increases at 
low temperature (Sec. IIII A2|l it possibly compensates 
the decrease of the magnetic Bragg peak below 20 K. 

The clear decrease of the magnetic peak intensity be- 
low 20 K in experiment #1 strongly resembles findings for 
the spin-glass phase in lightly Sr-doped La2-2;Sr2;Cu04 
with X < 0.02i^ There, the decrease of the commen- 
surate magnetic Bragg peak is accompanied by the ap- 
pearance of intensity at peak positions consistent with 
incommensurate stripe antiferromagnetism^ Unfortu- 
nately, the apparent change of our sample prevented us 
from taking similar measurements on Lai.9Cai.iCu206+5 



in the same state as that found in experiment #1. In the 
second experiment no intensity at incommensurate peak 
positions was observed (see Sec. IIII iO|l . Although fur- 
ther experiments are needed to sort out why the sample 
has changed, a very likely scenario is a redistribution of 
the oxygen over time. 

In contrast to the magnetic peaks, the temperature 
dependence of the orthorhombic superlattice peaks of 
Lai.gCai.iCu206+5 are nearly identical in both exper- 
iments [Fig. Elb)]. Below the structural transition at 
175 K intensity increases and saturates at low temper- 
atures. It may, however, be important to notice that 
in experiment #1 the intensity slightly decreases below 
20 K. We assume that this decrease is caused by the mag- 
netic contribution to the (^,^,4) peak, which is about 
15-20%. 

Quite remarkably, the temperature profiles of magnetic 
and superstructure peaks in experiment #2 arc almost 
identical [cf. Fig. Efa) and (b)] , indicating a magneto- 
elastic coupling. The same similarity is observed for the 
Lai.85Sro.i5CaCu206-i-5 crystal in Fig.^c) and (d), with 
the major differences being that the transition occurs at 
around 125 K and the order is short-range. The lower 
transition temperature and much weaker peak intensity 
most likely follows from the higher hole and oxygen con- 
tent than in Lai.9Cai.iCu206+5. We mention that sim- 
ilar data as for our Lai.85Sro.i5CaCu206+5 crystal were 
obtained by Ulrich ct al. on a Lai.8oSro.2oCaCu206+5 
crystal with short-range order However, our results on 
Lai.gCai.iCu206+5 show that the coupling of orthorhom- 
bic strain and antiferromagnetic order also exists in sam- 
ples with low charge carrier concentration and long-range 
order (see discussion). 

The inset in Fig.^Jd) shows the full width at half maxi- 
mum of the magnetic and the orthorhombic in-plane peak 
width in reciprocal lattice units of a* = 27r/a. The con- 
tribution of the spectrometer resolution to the line width 
at the lowest temperature amounts to 5%. While the 
orthorhombic superlattice peak could be analyzed up to 
160 K, the magnetic peak became too weak for T > 70 K. 
Nevertheless, it is obvious that up to 70 K the mag- 
netic peak width is nearly the same as for the structural 
peak, and shows a similar temperature dependence. For 
a comparison of the width of the orthorhombic superlat- 
tice peaks in both of the crystals, we refer to Sec. IIII Bl 
where we show high- resolution X-ray diffraction results. 



2. Diffuse scattering 

A closer look at the data of Lai.9Cai.iCu206+5 reveals 
significant intensity from clastic 2D scattering between 
the Bragg peaks (Fig.lSJ. At low |Q| it originates largely 
from magnetic scattering, as will be discussed in the next 
paragraph. The long Z-scan in Fig. IH^a), which is the 
same as in Fig. |2ta). shows that the 2D magnetic scat- 
tering intensity is modulated sinusoidally. [Note that the 
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FIG. 5: Elastic Z-scans for Lai.9Cai,iCu206+5. (a) along Q — 
^,1) at 9 K (logarithmic intensity scale). The peak at I — 
7.46 as well as the left shoulder of the peak at Z = 9 originate 
from Al powder ring reflections, (b) along Q — (|, |,Z) at 
9 K and 40 K. (c) along Q = (^,^,0 and (|,|,0 at 9 K. 
The origin of the peaks at I = 6.5 in (a) and at I = 0.35 in (c) 
is not clear, but there seems to be no systematic appearance 
of further unidentified peaks. 



dip in the data at I = 3.2 was not reproducible, e.g., in 
an identical scan in Fig.l^b) it is absent.] The modula- 
tion results from the antiferromagnetic coupling between 
the Cu02 planes within a bilayer and is proportional to 
the square of the magnetic structure factor ^(q) for the 
acoustic spin wave mode>ii2i2i 



g = sin{TTzl) 



(1) 



where z is the ratio between the intra-bilaycr distance 
d of the Cu02 planes and the lattice parameter c (see 
Fig. ^1. For lightly Ca- or Sr-doped La2CaCu206+5 the 
literatur e^- gives a value of z ~ 0.17, resulting in the 
solid line in Fig. |5l which is in good agreement with the 
modulation of the data. The first maximum of the mag- 
netic structure factor is reached for / = 2.9, which is 
why magnetic Bragg peaks are studied best at Z = 3. 
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FIG. 6: Elastic scans through the magnetic Bragg peak 
(5, |, 3) of Lai.9Cai.iCu206+5 at different temperatures, (a) 
/i-scans. (b) /-scans, (c) background signal Eis well as diffuse 
scattering intensity extracted from h- and /-scans. 



Note that for a detailed description of the scattering in- 
tensity one has to include the magnetic form factor and 
the spin structure, as well as the spectrometer resolution, 
which we have neglected in this qualitative discussion^ 
The magnetic form factor is a slowly varying function 
and causes a decrease of intensity with increasing |Q|i^ 
On the other hand, assuming a coUinear spin structure 
with the spins lying within the Cu02 planes (as in other 
cuprates) , we expect an increase of intensity with increas- 
ing / associated with an increase of the magnetic interac- 
tion vector S^ = Qx(SxQ), where S is the Cu spin and 
Q = Q/IQI"^ The / dependence of most likely ex- 
plains why in Fig.|3^a) the 2D scattering intensity around 
the second maximum at / ~ 8.7 is higher than around the 
first maximum at / = 2.9^ 

The elastic 2D magnetic scattering intensity strongly 
decreases with increasing temperature as can be seen 
from Fig. |3Jb) where we show a comparison of Z-scans 
at 9 K and 40 K. A more detailed temperature depen- 
dence was extracted from scans through the magnetic 
(i, 3) peak in Fig.Efa) and (b). In /i-scans, the inten- 
sity in the tails at any temperature quickly approaches 
the background, while in /-scans it stays above the back- 
ground due to 2D scattering. When increasing the tem- 
perature up to ~100 K, the 2D scattering intensity dras- 
tically decreases, but stays above background up to room 
temperature [Fig. (HJc)]. 

It is important to notice that the temperature de- 
pendence of the diffuse scattering intensity in Fig. EJc) 
is different from that of the magnetic Bragg peaks in 
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Fig. 2{a). Instead it is more similar to the tempera- 
ture dependenee of the short-range magnetic order in 
Lai.85Sro.i5CaCu206+5 in Fig. ^c). The increase of 
the diffuse intensity is particularly steep at temperatures 
where the decrease of the magnetic Bragg peak was ob- 
served, indicating that intensity is transferred from the 
Bragg peaks to the 2D scattering rods [cf. Fig. ^c) and 
2Ja)]. A similar transfer of intensity at low temperatures 
was observed in La2-:ESr2:Cu04 with x < 0.02 fRef. 1331) 
and in YBa2Cu306.3 (see Fig. 13 and 14 in Ref. 13^ . 
Therefore, we assume that it is associated with the freez- 
ing of spin fluctuations, which leads to the formation of 
the spin glass phase at low temperatures. 

To examine the origin of the elastic 2D scattering, we 
have studied its |Q| dependence in Lai.9Cai.iCu206+5. 
As is shown in Fig. |HIc), the diffuse scattering intensity 
in a scan along Q = (|, is significantly lower than 
in a scan along Q = (i, i, I), indicating that at low |Q| 
it results largely from 2D magnetic scattering. On the 
other hand, /i-scans along Q = {h,h,^) through the 2D 
scattering rods at ft, = i and ft. = | reveal that some 
of the intensity results from 2D nuclear scattering. In 
Fig. [7| where we show intensities, one can see that the 
intensity at Q = (^, ^, |) decreases with increasing tem- 
perature, while at Q = (|, |, |) it is temperature inde- 
pendent, indicating the dominance of 2D nuclear scatter- 
ing for higher |Q|. 

In Lai.85Sro.i5CaCu206-i-5 the elastic 2D scatter- 
ing intensity at 1.7 K is significantly weaker than in 
Lai.9Cai.iCu206+5 at 9 K. It is modulated sinusoidally 
along I and decreases rapidly with increasing tempera- 
ture. The period is the same as for the Ca-doped crystal 
in Fig. [S| In Lai.85Sro.i5CaCu206+5 the modulation is 
particularly pronounced in inelastic scans, as is shown in 
Fig. for scans along Q = (i, i, at 30 K and 200 K 
and an energy transfer of ftw = 6 meV. Note that this un- 
derlines the magnetic nature of the diffuse scattering, as 
at finite energies no significant contribution from diffuse 
nuclear scattering is expected. From Fig. [Sjit is obvious 
that the modulation of the inelastic scattering intensity 
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FIG. 8: Inelastic scans with huj 
for Lai.85Sro.i5CaCu206+4. 



6 meV along Q = (5, ^,1) 



far above and below the magnetic and structural transi- 
tion at ~ 125 K does not differ significantly, indicating 
that in the paramagnetic phase the intra-bilayer anti- 
ferromagnetic correlations are still strong. We mention, 
that a similar structure factor modulation was observed 
in YBa2Cu306+5i^^^ However, there the relative bilayer 
spacing amounts to z = 0.28, so that the first maxi- 
mum is reached at I = 1.8, in comparison to I = 2.9 in 
La2CaCu206-i-(5. Furthermore, in YBa2Cu306+5 it was 
observed that at / = —1.8 the intensity is larger than at 
I = -1-1.8, which is due to the so called focusing effect of 
the spectrometer resolutioni^ At I = +1.8 the long axis 
of the resolution ellipsoid has a significant angle with 
the 2D scattering rod, therefore integrating less inten- 
sity than at I = —1.8, where the long axis and the rod 
are approximately parallel. For Lai.8,5Sro.i5CaCu206+5 
in Fig. ISlthe intensity at I = —2.9 is only slightly larger 
than at / = +2.9, which is due to the fact that the 2D 
scattering rod is relatively broad in h and fc, which di- 
minishes the focussing effect. Intensity clearly decreases 
with increasing I due to the magnetic form factor. 



3. Search for spin stripes 

In the presence of antiferromagnetic stripe correlations 
similar to those in La2_a:Sr2;Cu04 we would expect in- 
tensity at incommensurate peak positions displaced by 
from the magnetic Bragg peaks at Qaf- Different 
sets of incommensurate peaks are possible, depending on 
whether the direction of stripes is parallel to the in-plane 
Cu-0 bonds [qs = (±e, 0, 0) or (0, ±e, 0)] or diagonal 
[qs = (±V2e,±V2e,0) or (±\/2e, +\/2e, 0)]piiiSL^ Since 
due to the magnetic structure factor the magnetic inten- 
sity is maximum near / = 3, the crystals were mounted 
in the (ft, fc, 2k) zone, to scan these incommensurate po- 
sitions around Qaf — (5, §,3) [see Fig.Efb)]. For both 
stoichiometrics, elastic scans at T = 8 K indicate com- 
mensurate antiferromagnetism. For the Sr-doped crys- 
tal the coUimation was set to 40'-40'-80'-80', and for the 
Ca-doped crystal to 10'-20'-20'-20'. Inelastic scans, per- 
formed on Lai.85Sro.i5CaCu206+5 at T = 8 K, show 
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FIG. 9: Results from X-ray diffraction: Normalized integrated 
intensity and full width at half maximum of the orthorhombic 
superlattice peak (|,|,2) in Lai.9Cai.iCu206+i (left) and 
Lai.g5Sro.i5CaCu206+6 (right) as a function of temperature. 
Solid line in top left graph is a guide to the eye. 

commensurate antiferromagnetism, also. These scans 
were performed at an energy transfer of Huj = 3 meV 
and a final energy of 14.7 meV. The Lai.9Cai.iCu206+5 
crystal was then mounted in the (/i,3fc,7/c) zone to per- 
form elastic scans at T = 8 K through the 2D scattering 
rod at Q = (i, |, |), with the coUimation set to 40'-40'- 
80'-80' (this type of scans is not indicated in Fig. 
The scans show that the 2D magnetic scattering is com- 
mensurate, as well. 

B. X-ray Diffraction 

In Fig. |5|we show single crystal X-ray diffraction data 
on the orthorhombic superlattice peak. The polished sur- 
face of each crystal was mounted so that /i-scans along 
Q = {h, h, I) as well as {h, h, I) could be performed with 
high resolution. Interestingly, in Lai.9Cai.iCu206+5 the 
structural phase transition is much sharper and takes 
place at a lower temperature (^^115 K) than in the neu- 
tron scattering experiment (~170 K) [Fig. ^a)]. Below 
the transition the line width is limited by the spectrome- 
ter resolution but significantly increases above the tran- 
sition. For Lai.85Sro.i5CaCu206+5 we observe a broad 
continuous transition with a critical temperature around 
125 K, very similar to the neutron diffraction data in 
Fig. 01 The peak width is about one order of magni- 
tude larger than that in Lai.9Cai.iCu206-i-5, and its tem- 
perature dependence is in good agreement with our re- 
sults from neutron diffraction. Although above the tran- 
sition temperature intensity is very small, with X-rays 
the superlattice peak could be followed up to 200 K re- 
vealing a strong increase of the peak width. In both 



crystals the superlattice peaks are sharper for /i-scans 
along Q = [h, h, I) than in the perpendicular direction 
Q = {h,h,l). According to Ulrich et al. the struc- 
tural distortion in the orthorhombic phase consists of a 
displacement of the apical oxygen 0(2) along [110] (cf. 
Fig. nj. Hence, our data seem to indicate a larger do- 
main size along the displacement direction than in the 
perpendicular in-plane direction. 



C. Static Susceptibility 

To compare our results from diffraction with macro- 
scopic magnetic properties we have measured the static 
susceptibility x oi small pieces of the crystals. First we 
will focus on the susceptibility of Lai.9Cai.iCu206+5. 
Figure UHta) shows its x in = 1 T and 7 T for H 
parallel to the c-axis as well as parallel to the two in- 
plane directions [110] and [110], which are parallel to the 
orthorhombic a and b axis. Because of twinning these 
two in-plane directions are mixed, which is why we call 
them abl and ab2. From room temperature the suscepti- 
bility slightly decreases with decreasing T for all three 
directions, which is typical for a cupratc S=l/2, 2D- 
Heisenberg antiferromagnet with a superexchange cou- 
pling constant J of the order of 0.1 eV^S*^ The Curie- 
type increase at low temperatures usually follows from 
magnetic impurities such as defect Cu spins. The differ- 
ence between || c and || a6 of 1.4 x 10^^ emu/mol 
is largely due to the Cu Van Vleck magnetism, i.e., 
^ 0.7 X 10~^ emu/mol per Cu02 plane, which is in good 
agreement with Iiterature42il244 For H \\ c, no anomaly 
is observed at the antiferromagnetic ordering tempera- 
ture, and data for 1 T and 7 T are nearly identical. How- 
ever, for magnetic field parallel to the Cu02 planes we 
find a weak field dependence as well as a small anisotropy 
between H \\ abl and ab2. The anisotropy indicates that 
the crystal is partially detwinned. At a field of 7 T, how- 
ever, the anisotropy has vanished. 

Figures [TUT b) and (c) show zcro-field-cooled and field- 
cooled data for different H at low temperatures. While 
for II c data are nearly reversible, clear differences, as 
well as a hump, are observed for H \\ abl and H \\ ab2 
(not shown) indicating the occurrence of a spin-glass 
transition at ~13 K. This is in contrast to La2_2;Sr3;Cu04 
where the spin-glass transition is visible for H \\ c, 
alsoi^ 

The fact that in La2-:cSra;Cu04 both the Nccl and 
the spin-glass transition are clearly visible for H \\ c is 
connected to a weak out-of-planc Dzyaloshinsky-Moriya 
spin canting, which follows from the rotation of the CuOg 
octahedra in the orthorhombic phaseM^^ As mentioned 
earlier, in Lai.9Cai.iCu206-i-5 the orthorhombic distor- 
tion consists primarily of a displacement of the apical 
oxygen 0(2) along [110], while the basal oxygens 0(1) 
seem to stay in the Cu02 planeii^ Hence, the absence of 
a signature at the Neel and the spin-glass transition for 
_ff II c in Lai.9Cai.iCu206+5 might be interpreted as ev- 
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FIG. 10: Static magnetic susceptibility of Lai. 9Cai.iCu206+i 
as a function of temperature and different directions of the 
applied field, (a) Zero field cooled data, (b), (c) Zero field 
cooled and field cooled data at low temperatures. 



idence for the absence of an out-of-plane Dzyaloshinsky- 
Moriya spin canting. However, it can also mean that 
the Dzyaloshinsky-Moriya spin canting cancels due to 
a strong antiferromagnetic coupling between the Cu02 
planes of a bilaycr. Since it is reasonable to assume that, 
similar to YBa2Cu306+5, this intcrlayer coupling within 
a bilaycr is orders of magnitude stronger than the inter- 
bilayer coupling, it will most likely be very difficult to test 
for the presence of a Dzyaloshinsky-Moriya spin canting 
by means of static magnetization measurements 42*^ 

As is shown in Fig. ^2 for magnetic field H = \ T 
parallel to the Cu02 planes, further anomalies arc ob- 
served at ~115 K and ~160 K. In particular, for H \\ abl 
these two temperatures border a dip-like anomaly, and 
for the perpendicular direction H \\ ab2 a hump. In both 
cases the anomalies are suppressed by a magnetic field 
of the order of 4 — 5 T and at 7 T the susceptibility is 
isotropic (cf. Fig. We mention that for H = 1 T 

applied parallel to [100] no anomalies are observed; how- 
ever, they can be induced at fields of 3 — 5 T and then 
disappear again at 7 T. Therefore, we assume that be- 
low Tjv spins are either parallel to [110] or [110] and the 
observed transitions as a function of field are due to a 
spin flop. The relatively low field scale indicates an in- 
plane spin wave gap of the order of 0.5 meV. This gap 
energy is much smaller than in La2Cu04 where the in- 
plane gap was associated with the Dzyaloshinsky-Moriya 
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FIG. 11: Static magnetic susceptibility of Lai. 9Cai.iCu206+i 
for different magnetic fields as a function of increasing and 
decreasing temperature, (a) for H \\ abl and (b) for H \\ ab2. 
Curves shifted for clarity. 



spin canting, which might confirm that the spin canting 
in La2CaCu206+i5 is indeed small42i5ii For comparison, 
in La2Cu04 the spin flop field amounts to 10-15 T, and 
in tetragonal Sr2Cu02Cl2 with perfectly coplanar spin 
structure it is only 0.7 Ti^LS 

Interestingly, the two critical temperatures of 115 K 
and 160 K are nearly identical with the structural tran- 
sition temperatures, as observed by XRD and ND, re- 
spectively (cf. Fig. ^andinj. Considering our diffraction 
data alone, possible interpretations are (i) that we have 
indeed observed two distinct transitions, (ii) that surface 
effects are important (XRD), (iii) that a inhomogcneous 
distribution of the oxygen content exists. The fact that 
both anomalies show up in the macroscopic susceptibility 
indicates that they involve large volume fractions, mak- 
ing surface effects less likely. In the case of an inhomo- 
geneous oxygen distribution we would expect one broad 
transition rather than two relatively sharp ones. On the 
other hand, for ND, probing the entire crystal, the tran- 
sition is in fact relatively broad, while for XRD, probing 
a relatively small area of the sample, the transition is 
sharp. Hence, diffraction data are not inconsistent with 
an inhomogcneous oxygen distribution. In this case the 
anomaly at 115 K might correspond to the Tjv of the hole 
rich surface region and the anomaly at 160 K the Tm of 
the bulk, which has a slightly lower average hole concen- 
tration. On the other hand, the susceptibility data in 
Fig. Ilir a) are difficult to understand in terms of a se- 
quence of two transitions of the same kind differing only 
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FIG. 12: Static magnetic susceptibility ol 

Lai.85Sro.i5CaCu206+i as a function of temperature 
and different directions of the applied field. 

in their critical temperatures, since at ^--^160 K x first 
decreases and then again increases at ^115 K. Further 
experiments are needed to clarify the origin of this in- 
triguing sequence of transitions. 

Now let us turn to x(^) of Lai.85Sro.i5CaCu206+5, 
which is shown in Fig. El In a field of iJ = 1 T the on- 
set of superconductivity is observed at ~25 K for H \\ c 
and at -15 K for H \\ ah. At a field of 7 T apphed 
II c superconductivity is suppressed completely. Above 
Tc the data look similar to that of Lai.9Cai.iCu206+^ in 
Fig. El However, no anomaly is observed at the transi- 
tion to short-range antiferromagnetic order at ~ 125 K. 
Interestingly, the increase of x a-t high temperatures is 
steeper than for the Ca-doped sample. This is a clear in- 
dication for a shift of the high temperature maximum of 
the Heisenberg spin susceptibility X2DHAF to lower tem- 
peratures, which is consistent with the fact that the hole 
content in Lai.85Sro.i5CaCu206+5 is larger and therefore 
the spin stiffness is smaller than in Lai.9Cai.iCu206+d''^ 



D. Discussion 

The two major results in this study are (i) the simi- 
larity between the thermal evolution of the orthorhombic 
distortion and antiferromagnetic order for short as well 
as long-range ordered samples, and (ii) the fact that the 
antiferromagnetic correlations are commensurate. For a 
proper interpretation one has to consider the hole concen- 
tration, which is known to strongly change the electronic 



ground state of high-temperature superconductors i As 
mentioned in the introduction, we have estimated the 
degree of hole dopin g in our crystals from their optical 
conductivity in Ref. l27l Both crystals show consider- 
able optical weight at low wave numbers, indicating a 
significant concentration of holes. In fact, when com- 
pared to optical data on La2-xSr3;Cu04, the hole con- 
tent appears to be close to the nominal value p = x/2, 
which suggests that the oxygen content 5 in our crys- 
tals is close to zeroiS Good agreement is also found with 
optical data in Ref. l54i In particular, the room tem- 
perature optical data of our Lai.9Cai.iCu206+i crystal 
grown at 1 atm O2 are nearly identical to that of a grown- 
in-air Lai.89Cai.iiCu206+5 crystaliSL^ Corresponding 
data for our Lai.85Sro.i5CaCu206+5 crystal grown at 
11 atm indicate a higher hole concentration, compara- 
ble to Lai.89Cai 11CU2O6+15 annealed at 20-100 atmi^ 
According to Ref. 154 Lai.89Cai.iiCu206+5 is not super- 
conducting when grown in air nor after annealing at 20 
atm O2, while annealing at 100 atm results in a Tc of 
13 K in the resistivity. The presence of weak supercon- 
ductivity in our Sr-doped crystal and its absence in the 
Ca-doped one is compatible with this, and shows that 
the Sr-doped crystal is just on the borderline to the su- 
perconducting phase. 

If we assume that the hole contents in the crystals 
are close to the nominal values, then the relatively high 
Neel temperature in Lai.9Cai.iCu206+5 and onset tem- 
perature for short-range order in Lai.85Sro.i5CaCu206+i5 
are surprising, when compared to La2-xSr2;Cu04. How- 
ever, in the bilayer system Yi_3:Ca2;Ba2Cu306 long- 
range order is suppressed at a higher hole content and 
spin-glass transition temperatures are higher than in 
La2-a;Sra;Cu04, as welli^ This indicates that in bilayer 
systems antiferromagnetic order in general is more sta- 
ble, which is due to the relatively strong coupling be- 
tween the Cu02 planes of a bilayeri^ In the case of 
La2_a:(Ca, Sr)2;CaCu206+5 it seems, however, that ad- 
ditional degrees of freedom may play a vital role, as will 
be discussed in the next paragraphs. 

The intriguing similarity between the temperature 
dependence of the magnetic Bragg peak and the or- 
thorhombic superlattice peak fuels the idea of a signif- 
icant magneto-elastic coupling. In particular, we expect 
that the magnetic inter-bilayer coupling depends on the 
orthorhombic strain. In the tetragonal high-temperature 
phase the magnetic inter-bilayer coupling is strongly frus- 
trated, because of the centro symmetric arrangement of 
spins in adjacent bilayers (cf. Fig. The orthorhom- 
bic distortion at low temperature lifts the frustration, 
thereby triggering 3D antiferromagnetic order. A similar 
situation exists in the single layer compounds La2Cu04 
and Sr2Cu02Cl2. While La2Cu04 becomes orthorhom- 
bic below 525 K and orders antiferromagnetically at 
Tjv = 325 K, Sr2Cu02Cl2 with Tn = 250 K stays tetrag- 
onali^Si^iiSi^ It is believed that the orthorhombic strain 
in La2Cu04 is one reason for the higher Neel tempera- 
ture, since it lifts the frustration of the interlayer cou- 
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pjjj-^gi52j56j57j58 mention that early /zSR results on 
La2CaCu206+5 and La2SrCu206+5 indicate Neel tem- 
peratures higher than 250 K for the undoped systenii^ 
On the other hand, in Ref. the structural transition 
temperature in a La2CaCu206+5 powder sample was de- 
termined to be ~ 175 K. This means that 3D magnetic or- 
der can exist in the tetragonal high temperature phased 
However, in our hole doped Lai.9Cai.iCu206+5 crystal, 
where T^r is considerably reduced from its maximum 
value, the structural transition seems to be essential for 
the stabilization of 3D antiferromagnetic order. 

In the case of the Lai.85Sro.i5CaCu206-i-5 crystal the 
magneto-elastic coupling seems to still be active. This 
conclusion is based on a similar temperature dependence 
for the peak intensity and correlation length of the struc- 
tural distortion and antiferromagnetic correlations (cf. 
Fig. 0J. Since in Ref. nearly identical results were 
found for a Lai.8oSro.2oCaCu206+5 crystal, we assume 
that this behavior is intrinsic for samples grown at low 
oxygen pressure, which are relatively close to the su- 
perconducting phase, but not yet good superconductors. 
However, one has to mention that while neutron diffrac- 
tion experiments on Lai.8oSro.2oCaCu206+5 indicate 
short-range magnetic order below ~ 100 K, muon spin ro- 
tation measurements find static order only below 10 Km^ 
This shows that for 10 K < T < 100 K the magnetic cor- 
relations are not yet truly static. In this respect both 
La2_2;Sr3;CaCu206+5 crystals (this work and Ref. ITsI) 
qualitatively show a similar behavior as La2-2:Sr3;Cu04 
in the spin-glass phaseiSiiSiS However, there are major 
difi^erences which we believe signal a significant magneto- 
elastic coupling. First, the "elastic" magnetic intensities 
we observe in Lai.85Sro.i5CaCu206-i-5 below the struc- 
tural transition at ^ 125 K are much larger than in 
La2-xSr2,Cu04 at a comparable hole doping close to the 
metal insulator transitioniS^ The onset temperature is 
much higher and seems to correlate with the structural 
transition. Moreover, in Lai.85Sro.i5CaCu2 064^5 mag- 
netic correlations are commensurate, while they are in- 
commensurate in La2^2:Sr2;Cu04ii24i2i224S 

Since in Lai.gCai.iCu206+5 the inter-bilayer exchange 
seems to couple very clearly to the orthorhombic lattice 
distortion, it is reasonable to assume that this coupling 
is at least one reason why in Lai.85Sro.i5CaCu206+5 
the freezing of the short-range magnetic order, as ob- 
served by neutron diffraction, reflects the temperature 
dependence of the structural distortion. In contrast, in 
La2-2;Sr3;Cu04 it is believed that the spin freezing oc- 
curs upon the localization of the holes at low temper- 
aturesi^i^^ It is very likely that hole localization is 
relevant in Lai.85Sro.i.5CaCu206+5 , also. But whether 
the structural transition into the orthorhombic phase ex- 
pedites the hole localization, is unclear. In Ref. it is 
argued that both structural as well as magnetic disorder 



follows from the localization of holes. However, the re- 
sults on Lai.9Cai.iCu206+5 seem to show quite clearly 
that it is the orthorhombic structure which stabilizes the 
antiferromagnetic order. Therefore, we assume that the 
coupling of the lattice to charge degrees of freedom is 
not responsible for the structural disorder observed in 
Lai.85Sro.i5CaCu206+5. Spin freezing, on the contrary, 
not only is coupled to charge localization - as is the case 
in La2-:ESr3;Cu04 - but also to the short-range lattice 
distortions. The electronic disorder, possibly induced or 
enhanced by structural disorder, might be responsible for 
the absence of incommensurate magnetic correlations at 
low temperatures. As is well known, structural disorder 
in this bilayer system is caused by the mixed occupation 
of the metal sites M(l) and M(2), the doping with Sr and 
Ca as well as by interstitial oxygen 0(3) and defects in 
the oxygen matrix (cf. Fig. 



IV. CONCLUSION 

Structural and magnetic properties of 
the bilayer cuprates Lai.9Cai.iCu206+5 and 
Lai.85Sro.i5CaCu206+5 were studied by means of 
neutron and X-ray scattering as well as static sus- 
ceptibility measurements. We observe an intimate 
connection between antiferromagnetic order and the 
structural lattice distortion, which we explain in terms 
of an orthorhombic strain-induced magnetic inter-bilayer 
coupling. While in the Ca-doped crystal structural 
distortions and the Cu spins are long-range ordered, 
the Sr-doped crystal exhibits short-range order as 
well as weak superconductivity. In both crystals an- 
tiferromagnetic correlations are commensurate, i.e., 
no direct evidence for incommensurate spin stripes is 
found. However, in Lai.gCai iCu206+(S the temperature 
dependence of the magnetic diffuse scattering as well as 
the static susceptibility indicate the presence of a spin- 
glass phase. In La2-2;Sr3;Cu04 this type of phase was 
shown to exhibit a short-range spin stripe orderiSi^2iS& 
The reasons for the absence of incommensurate spin 
correlations in particular in Lai.85Sro.i5CaCu206+5 are 
not understood, but might result from an inhomogeneity 
of the charge and spin density, possibly induced by 
the short-range ordered structural distortions in the 
orthorhombic phase. 
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